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a b s t r a c t
Pre-reacted powders of (Bi–Pb)2Sr2Ca2Cu3O10þδ (Bi-2223) were consolidated by using the spark plasma
sintering (SPS) technique under vacuum and at different consolidate temperatures TD. X-ray diffraction
patterns revealed that the dominant phase in all SPS samples is the Bi-2223 phase, but traces of the
Bi2Sr2CaCu2O10þx (Bi-2212) phase were identiﬁed. We have found that the transport properties of SPS
samples depend on their oxygen content because the SPS process is performed under vacuum.
Simulations by using the ﬁnite element method (FEM) were performed for determining the actual
temperature in which powders are consolidated. From these results we have inferred that SPS samples
are oxygen deﬁcient and such a deﬁciency is more marked near the grain boundaries, suggesting the
occurrence of grains with core–shell morphology. We also argued that the width of the shell depends on
the consolidation temperature, a feature corroborated by the FEM simulations.
& 2014 Elsevier B.V. All rights reserved.
The spark plasma sintering (SPS) is an effective, unconventional
method for promoting densiﬁcation of powders by the simultaneous
action of a high direct electric current through graphite dies and
uniaxial pressure [1]. In high-Tc cuprate superconductors, the use of
SPS may be a difﬁcult task because the process occurs under vacuum,
and the general physics properties of these materials are very sensitive
to the oxygen content. Such an oxygen-dependent features are much
less pronounced inmaterials belonging to the Bi–Sr–Ca–Cu–O (BSCCO)
system [2], making the application of the SPS method useful for
promoting densiﬁcation of these families of high-Tc cuprates super-
conductors. However, up to now there are few studies regarding the
use of SPS in the BSCCO system. In the last decade, a study of the
inﬂuence of the SPS conditions on the formation of (Bi,Pb)2Sr2
CaCu2O8þδ (Bi-2212) and (Bi,Pb)2Sr2Ca2Cu3O10þδ (Bi-2223) phases
was conducted [3]. The authors obtained SPS samples under different
consolidation temperatures TD and times and the net result was the
production of samples composed of extra phases, as inferred from
X-ray diffraction analysis. Moreover, a recent study on SPS Bi-2223
samples suggested that TD not only has a strong inﬂuence on the
phase composition but also in the oxygen content of the Bi-2223
ceramics [4]. These results indicated that one of the most important
challenges of any SPS process, even performed under vacuum, is to
determine precisely the consolidation temperature in which the
powder is subjected during the brief time interval of the SPS process.
Within this scenario, the main motivation of this work is to
disclose the intricate balance between TD, phase composition, and
the oxygen content of samples prepared by the SPS method. For
this purpose, we have consolidated pre-reacted powders of the
Bi1.65Pb0.35Sr2Ca2 Cu3O10þδ compound by spark-plasma sintering.
The ﬁnite element method (FEM) was used for optimizing the
consolidation temperature in order to produce single phase materials.
The SPS samples were characterized by X-ray diffraction (XRD),
scanning electron microscopy (SEM), temperature dependence of
the electrical resistivity, and voltage–current characteristics.
The schematic drawing of the consolidation system is displayed
in Fig. 1(a). It is composed of two inconel electrodes, six graphite
spacers, the die with two plungers, and the sample, the latter
located in the center of the apparatus. For each of the above
domains, the electro-thermal process is described by a two
coupled partial differential equations: one related to the charge
conservation law and the other one associated with the heat
transfer process [6,7]:
∇  J ¼ 0; ð1Þ
ρcpðTÞ∂T∂t ∇  ðk∇TÞ ¼ qi: ð2Þ
Here, T is the temperature, ρ is the density, qi ¼ JE is the heat loss
by Joule effect, J ¼ E=ρeðTÞ is the electric current density, ρeðTÞ is
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the temperature dependence of the electrical resistivity, cp(T) is
the heat capacity as a function of temperature, and k(T) is the
thermal conductivity. Values for each parameter are assigned for
each material or domain in the geometry, i.e., the inconel, the
graphite, and the Bi-2223 sample. Table 1 displays the parameters
used in the FEM simulations for the Bi-2223 sample [4,9]. The
parameters used for both the graphite and the inconel 600 are
reported elsewhere [6,8]. The initial and boundary conditions used
for solving Eqs. (1) and (2) are displayed in Fig. 1(b). The initial
temperature was set to be 300 K and the heat losses by conduction
and/or convection through the gas were neglected because
the process occurs in vacuum. All the free surfaces exposed
to the vacuum chamber have heat losses by radiation, given by
_qrad ¼ σsεðT4dT40Þ, where Td is the temperature of the free sur-
faces, σs is Stefan–Boltzmann's constant, ε¼0.3 (0.69) is the
graphite (inconel 600) emissivity, and T0¼300 K is the tempera-
ture of the wall of the chamber. The temperature of both the upper
and lower inconel electrodes was 300 K and the electrical current
density is injected from the top to the bottom. Finally, the electro-
thermal equations (1) and (2) were solved by the FEM by using the
COMSOL MultiphysicsTM package.
Powders of Bi1.65Pb0.35Sr2Ca2Cu3O10þδ (Bi-2223) were prepared
by the traditional solid state reaction method, as described else-
where [4]. The ﬁnal consolidation of the samples was performed in
a SPS 1050 Dr Sinters apparatus. Powders of Bi-2223 were placed
inside a cylindrical graphite die, between two graphite plungers,
as displayed in Fig. 1(a). The die was then placed inside the
chamber of the SPS apparatus and sintering was performed under
vacuum (roughly from 10 to  30 Pa) and an uniaxial pressure
along the z-axis of 50 MPa. In order to study the inﬂuence of the
consolidation temperature, TD, the samples were subjected to
different temperatures TD¼750, 830, and 845 1C. The above
samples were labeled as S75, S83, and S85. The heating rate was
HR¼145, 160, and 163 1C/min, and the dwell time was 5 min for all
samples. Further details of the consolidation process employed for
producing the samples are described elsewhere [4]. Additionally,
for comparison reasons,  4 g of the starting powder was cold
pressed inside the SPS apparatus and the resulting pellet was
sintered at 845 1C in air for 2400 min. This sample (R84) will
thereafter be referred as a reference sample. Finally, the density, ρ,
of all pellets was determined by the Archimedes method.
The phase identiﬁcation was evaluated, in both powder and bulk
samples, by means of X-ray diffraction patterns obtained in a
Bruker-AXS D8 Advance diffractometer. These measurements were
performed at room temperature using Cu Kα radiation in the
3r2θr801 range with a 0.051 (2θ) step size, and 5 s
counting time.
The temperature dependence of the electrical resistivity, ρ(T),
and the current–voltage characteristics IV measurements were
performed in a closed cycle cryogenics refrigerator ARS-4HW/DE-
202N attached to a temperature controller Lakeshore model 331S.
Typical dimensions of the samples were t¼0.5 mm (thickness),
w¼2 mm (width), and l¼10 mm (length). More details of these
measurements are given elsewhere [4].
The optimum sintering temperature for producing single-phase
Bi-2223 is Ts  845 1C [5]. In addition to this, samples sintered at
temperatures below 845 1C usually exhibit extra phases, as
Ca2PbO4, Bi-2201, and Bi-2212, and those sintered above Ts, due
to the presence of liquid phase, are composed of at least two main
phases: Bi-2223 and Bi-2212 [5]. Motivated by these experimental
results, the conducted simulations of the SPS process were
performed by assuming T  845 1C in the position of the thermo-
couple, i.e., at z¼0 and r¼0.015 m (see Fig. 1(a)). Under these
Fig. 1. (a) Schematic drawing of the consolidation system, (b) boundary conditions, (c) simulation by FEM of the temperature distribution of the whole system (see details in
the text), and (d) expanded view of the temperature distribution of the die-sample region and the radial temperature proﬁle for z¼0.
Table 1
Parameters of the Bi-2223 phase used in the FEM simulations [4,9]: ρ is its density,
ρeðTÞ is the electrical resistivity as a function of temperature, cp(T) is the heat
capacity as a function of temperature, and k(T) is the thermal conductivity.
Properties Value Units
ρ 5700 kg/m3
ρeðTÞ 0.8106þ0.8108T Ωm
cp(T) 131.6 þ 0.77 T J/kg K
k(T) 0:27þ1:95 103T W/m K
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conditions, the calculated surface plot of the spatial temperature
distribution in the whole SPS system is displayed in Fig. 1(c). As
expected, higher temperatures are spatially located close to the
die-sample region. Fig. 1(d) also displays an expanded view of
this region and the temperature proﬁle along the radial direction
and for z¼0. The results also indicate that the average tempera-
ture decreases from T  862 1C, in the center of the sample, to
T  837 1C at the outer surface of the die. The temperature
difference between the thermocouple and the center of the
sample, estimated from our simulations, is then ΔT  17 1C. Such
a result strongly indicates that in the actual SPS process the
consolidation temperature TD may be corrected by subtraction of
 15 1C for reaching the optimum sintering temperature of the
Bi-2223 phase.
In order to verify the results of the FEM simulations, a sample
was consolidated by SPS at TD¼845 1C and we emphasize that
such a value of TD refers to the temperature measured by the
thermocouple. X-ray powder diffraction patterns of the reference
sample R84 and the SPS sample S85 consolidated at TD¼845 1C are
displayed in Fig. 2(a) and (b), respectively. The analysis of the
pattern of the reference sample reveals that all indexed reﬂections
are related to the high-Tc Bi-2223 phase (H(hkl)). However, in the
sample S85 the most intense peaks are related to the low-Tc phase
Bi-2212 (L(hkl)). According to the resulting temperature proﬁle of
our simulations (see Fig. 1(d)), the actual sintering temperature of
the S85 sample was in the range comprehended between  850
and 860 1C. The X-ray powder diffraction data conﬁrm that, as
anticipated by FEM simulations, single-phase Bi-2223 materials
are obtained by reducing the consolidation temperature. Moti-
vated by these experimental results and the FEM simulations, we
further consolidated other two Bi-2223 samples at lower tem-
peratures: TD¼750 and 830 1C. Assuming ΔT  15 1C, the actual
temperature in the center of the samples is expected to be  765
and 845 1C. Thereafter, these two Bi-2223 samples will be used to
investigate the inﬂuence of TD on their general physical and
superconducting properties.
Fig. 2(c) and (d) displays the X-ray powder diffraction patterns
of samples S83 and S75, which were SPS at 830 and 750 1C,
respectively. The results indicate that in both samples all peaks of
the high-Tc Bi-2223 phase are indexed but we have also observed
traces of the extra phase Bi-2212, identiﬁed by the occurrence of
the reﬂection L(117) (see Fig. 2(c)). The volume fraction of this
extra phase was found to remain essentially constant in the two
consolidated samples, as displayed in Fig. 2(c) and (d). We
mention here that the absence of peaks belonging to other extra
phases as Ca2PbO4 and Bi-2201 point out for different phase
equilibria when the Bi-2223 powders are subjected to high
temperatures, under vacuum, and under an uniaxial pressure of
50 MPa.
Fig. 3 displays the normalized temperature dependence of
ρðTÞ=ρð300 KÞ for samples S83, S75, and the reference sample
R84. The overall behavior of the curves indicate that decreasing
the consolidation temperature changes both the normal and
superconducting transport properties of the samples. Values of
ρðTÞ
at T¼300 K decrease from  33 mΩ cm, in sample S83, to
 10 mΩ cm in S75. The data also show that sample S83 exhibits
a semiconductor-like behavior with ρðTÞ increasing with decreas-
ing temperature, reaching a maximum in ρðTÞ, followed by a very
broad superconducting transition. The ρðTÞ behavior of sample
75PA displays a typical metallic behavior as also seen in the
reference sample 84PA. Along with the electrical resistivity results,
the inset of Fig. 3 displays the ﬁrst derivative of the ρðTÞ=ρð300 KÞ
data in the vicinity of the superconducting transition temperature.
We ﬁrst mention here that the general behavior of the curves is
different and the occurrence of the double resistive superconduct-
ing transition or the two well-deﬁned peaks in dρðTÞ=dT is only
clearly observed in the two SPS samples. These two peaks in
dρðTÞ=dT are frequently observed in granular superconductors
and are related to the intra- (Tg) and intergranular (Tm) super-
conducting temperature transitions [11]. Our data indicate that Tg
decreases from 105 K to 102 K with increasing consolidation
temperature TD in SPS samples, a similar behavior observed in Tm
that assumes values of Tm  83 K in S83 and  94 K in S75. On the
other hand, the obtained result for the reference sample is quite
different since the double resistive superconducting transition is
hardly seen, or more appropriately, Tg¼109 K and Tm¼105 K.
Such a difference in the transport behavior between SPS
samples cannot be only attributed to the presence of extra phases.
The phase composition of the two SPS samples S83 and S75 is
similar, as inferred from X-ray powder diffraction data displayed in
Fig. 2. On the other hand, let us take into account that the SPS
Fig. 2. X-ray diffraction patterns of the powders of samples R84 (a), S85 (b), S75 (c),
and S83 (d). The reﬂections belonging to the Bi-2223 (H(hkl)) and Bi-2212 (L(hkl))
phases are marked by Miller indexes in (a) and (b), respectively.
Fig. 3. Normalized ρðTÞ=ρð300 KÞ data of samples S75, S83, and R84. The inset
displays an expanded view of the ﬁrst derivative of ρðTÞ between 80 and 110 K. In
the inset, Tg and Tm are the intra- and the intergranular transition temperatures,
respectively.
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process is conducted under vacuum, at high temperatures, and
in brief time intervals. Under these circumstances, the results
strongly suggest that changes in the ρðTÞ behavior of SPS samples
may be related to differences in their oxygen content. If this were
the case, it would mean that an oxygen deﬁciency enhancement
may occur during the SPS process provided that it occurs in
vacuum. In addition to this, the ρðTÞ data indicate that the higher
the consolidation temperature TD is, the higher is the oxygen
depletion of the samples. As far as Tm is concerned, the results
indicate that the expected deoxygenation process preferably takes
place near the grain-boundaries, as reported elsewhere [12]. This
would affect the transport critical current density Jcð0Þ measured
at 77 K, which was found to be only  2 A=cm2 in the sample S83
and  10 A=cm2 in S75. These are small values of Jcð0Þ, compared
with  22 A=cm2 for the reference sample S84, taking place during
the SPS process. The combined results point out to the occurrence
of grains with core–shell morphology in SPS samples, where the
shell is oxygen deﬁcient and that such a deﬁciency (width of shell)
increases with increasing TD.
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